ABSTRACT Among the methods for the determination of mechanical properties of living cells acoustic microscopy provides some extraordinary advantages. It is relatively fast, of excellent spatial resolution and of minimal invasiveness. Sound velocity is a measure of the stiffness or Young's modulus of the cell. Attenuation of cytoplasm is a measure of supramolecular interactions. These parameters are of crucial interest for studies of cell motility, volume regulations and to establish the functional role of the various elements of the cytoskeleton. Using a phase and amplitude sensitive modulation of a scanning acoustic microscope (Hillman et al., 1994, J. Alloys Compounds. 211/212:625-627) longitudinal wave speed, attenuation and thickness profile of a biological cell are obtained from the voltage versus frequency or V(f) curves. A series of pictures, for instance in the frequency range 980 -1100 MHz with an increment of 20 MHz, allows the experimental generation of V(f) curves for each pixel while keeping the lens-specimen distance unchanged. Both amplitude and phase values of the V(f) curves are used for obtaining the cell properties and the cell thickness profile. The theoretical analysis shows that the thin liquid layer, between the cell and the substrate, has a strong influence on the reflection coefficient and should not be ignored during the analysis. Cell properties, cell profile and the thickness of the thin liquid layer are obtained from the V(f) curves by the simplex inversion algorithm. The main advantages of this new method are that imaging can be done near the focal plane, therefore an optimal signal to noise ratio is achieved, no interference with Rayleigh waves occurs, and the method requires only an approximate estimate of the material properties of the solid substratum where the cells are growing on.
INTRODUCTION
Determination of the mechanical properties of living cells is a difficult task. Investigators tried different techniques for this purpose. For a review of older methods one is referred to Hiramoto (1987) . These methods include local aspiration of cytoplasm with a pipette (Schmid-Schönbin, 1990) , local poking of cytoplasm (Duszyk et al., 1989) , magnetometry (Ziemann et al., 1994) , or scanning force microscopy (e.g., Hassan et al., 1998; Radmacher et al., 1996) . In all of these methods the forces needed to evoke a certain deformation are measured and thus allow the determination of elastic and viscous properties from stress-strain relationships and the dependence of these relations on the frequency of oscillating stress applications. Among the methods for the determination of mechanical properties of living cells, acoustic microscopy provides some extraordinary advantages: it is relatively fast, it provides excellent spatial resolution, and it is minimally invasive. Relative changes in cytoplasmic forces may be resolved with a time resolution of ϳ5 s Lüers, 1994, 1998) , and exact determination of mechanical properties requires a series of five or six images requiring an acquisition time between 25 and 30 s at a resolution of 512 ϫ 256 pixels. Spatial resolution is in the range of 3 m 2 . Viscoelastic properties, however, may not change over such very small areas. The minimal invasiveness results from the very-high-frequency ultrasound (GHz range), which does not cause any damage or disturbance of the cells (Bereiter-Hahn, 1995) . The only effect that has to be considered is the oscillating shear force caused by the scanning movement of the acoustic lens, which is coupled with the specimen via the culture medium. The main parameters obtained with an acoustic microscope are sound velocity and sound attenuation, as well as the dimensions of the cell. Sound velocity is a measure of the compression modulus, which is related to Young's modulus and Poisson's ratio. Attenuation of cytoplasm is a measure of the supramolecular interactions (Wagner et al., manuscript in preparation) . Previous approaches to the computation of tissue properties have been based on shear wave propagation (Sarvazyan et al., 1992) or on measurements of the reflected sound as a function of focus position (V(z) curves) (e.g., Sasaki et al., 1996) . The computation of cell properties from acoustic microscope-generated signals required an estimation of the cell thickness profile (Hildebrand et al., 1981; Hildebrand and Rugar, 1984; Bereiter-Hahn, 1990, 1992; Kundu et al., 1991 Kundu et al., , 1992 . The cell profile is traditionally computed by counting the interference rings and estimating the value of the longitudinal wave speed in the cell. Kundu et al. (1991 Kundu et al. ( , 1992 used this information to get a rough estimate of the probable upper and lower bounds of the cell thickness at different pixels or cell positions. Then they adopted a simplex inversion algorithm to predict the cell thickness accurately, along with other cell parameters. However, they used the V(z) curve or voltage (V) versus defocus distance distance (z) curve, generated by an acoustic microscope operating at 1-GHz frequency to compute the cell properties. A new transducer geometry was proposed by Chubachi and co-workers (1992) to be combined with a defocusing series in the range of about one wavelength in water to obtain V(z) curves for each point in a biological sample. In this paper cell properties are obtained from the V(f) curves. V(z) curves have several disadvantages when compared with the V(f) curves: V(z) curves can be generated only if the cells are attached to solid substrates that give rise to Rayleigh waves at the angles of incidence provided by the lens, and the surface waves must not be severely attenuated. The materials giving optimal V(z) characteristics may not be the best materials for growing cells. In addition, our aim of following the mechanical responses of cells prone to passive mechanical deformations requires cells grown on rubber surfaces. These do not allow appropriate V(z) imaging because of surface wave attenuation.
It is more time consuming and less accurate to change the defocus distance z when compared with monitoring of the signal frequency f.
Image quality is best at the focus position (z ϭ 0); its quality deteriorates as the defocus distance z increases. On the other hand, the image quality is not significantly affected by the change in the signal frequency if the specimen is kept at the focus position (z ϭ 0).
As a result V(f) curves preferred to V(z) curves. They provide a basis for the investigation of cellular behavior on stretchable materials, using acoustic microscopy (Karl and Bereiter-Hahn, 1999) . The method of investigating cells on silicon rubber was introduced by Harris (Harris, 1982; Harris et al., 1980) . V(f) curves have recently been used by materials scientists for characterizing horizontally and vertically layered materials (Nagy and Adler, 1990; Ghosh et al., 1997) .
THEORY AND NUMERICAL RESULTS
One distinctive feature of V(f) curves for cell property determination and image generation with the specimen placed at the focus is that the surface-skimming Rayleigh waves are not generated in the specimen. Hence the theoretical model for the V(z) curve synthesis that assumes the presence of surface-skimming Rayleigh waves at the coupling fluid-specimen interface cannot be used for V(f) curve synthesis. New theoretical models for V(f) curve synthesis are being developed from the normal reflection of plane waves by homogeneous and layered half-spaces.
Theory of normal reflection by layered structures
An acoustic microscope lens generates a conically converging ultrasonic beam, shown by the dashed line in Fig. 1 . In reality, the converging beam (shown by the dotted line) generated by the concave lens is far from being an ideal cone. Near the concave lens its shape is close to the base of a cone; however, near the focal point its shape is close to a cylinder. As a result, if the reflecting surface is placed at a large defocus position, as shown by the dashed line (delineating the surface), leaky Rayleigh waves can be generated at the fluid-solid interface if the half-lens angle is greater than the Rayleigh critical angle. However, when it is placed near the focal point (F), as shown by the solid line, the normally incident cylindrically shaped ultrasonic beam cannot generate Rayleigh waves at the reflecting surface. Hence, if the specimen is placed near the focal plane, then the reflected signal is composed of only the normally reflected rays. To synthesize these reflected signals, one needs to study the plane wave reflection coefficients for different fluid/solid structures. These are presented here. In these derivations the incident beam is assumed to be normal to the reflecting surface, because in our experiments the acoustic microscope-generated ultrasonic beam strikes the reflecting surface vertically. where the y coordinate is positive downward measured from the fluid-solid interface. k f (ϭ 2f/␣ f ) and k s (ϭ 2f/␣ s ) are wave numbers of the fluid and the solid, respectively. f is the signal frequency; ␣ f and ␣ s are longitudinal wave speeds in the fluid and the solid half-space, respectively. In Eq. 1 the time dependence e Ϫit is implied and is not shown explicitly. One can compute the displacement and stress components from these potential functions in the following manner:
where u and v are horizontal and vertical components of displacement and and are normal and shear stress components. and are two elastic constants (Lame's first and second constants) of the elastic solid. From the continuity of vertical displacement and stress components at the interface, after some algebraic manipulations, the Fresnel equations are derived:
where Z s (ϭ s ␣ s ) and Z f (ϭ f ␣ f ) are acoustic impedances of the solid and the fluid half-spaces, respectively. s and f are densities of the solid and the fluid, respectively.
Fluid over a layered half-space (FSS structure)
This structure is shown in Fig. 2 b. Wave potentials in the fluid half-space, solid layer, and solid half-space are denoted by the subscripts f, 1, and s, respectively:
After the stress and displacement continuity conditions across the two interfaces (fluid-solid and solid-solid) are satisfied, the reflection coefficient R can be obtained as
where k 1 (ϭ 2f/␣ 1 ) is the wave number of the solid layer between the fluid and the solid half-space and h is its thickness.
One solid and one liquid layers between fluid and solid half-spaces (FSFS structure)
The problem geometry for this arrangement is shown in Fig.  2 
Continuity of stress and displacements across the interface boundaries give six equations, which can be written in the following manner:
where
In the above equation h and t correspond to the thickness of the top solid layer and the liquid layer beneath the solid layer, as shown in Fig. 2 
Theoretical computation of the V(f) curve
The steps for computing the V(f) curve are identical to the steps followed by Kundu et al. (1991) to compute the V(z) curve. V(f) values are obtained from the product of three terms:
In the 
Numerical results for FS, FSS, and FSFS structures
Reflection coefficients given by Eqs. 3, 5, and 8 are numerically computed to study the effect of a thin liquid layer on the reflected wave amplitude. Such a liquid layer is often present between the cell and the substrate.
The intensity (R 2 ) of the reflected signal from a FS structure (plastic or silicon rubber immersed in water) calculated by Eq. 3 is independent of the signal frequency (the line denoted by 0/0 in Fig. 3 ). This figure also shows the reflected wave intensity for a FSS structure (Eq. 5) consisting of a 5-m-thick cell directly attached to the substrate (the line denoted by 5/0). The first number (5) denotes the cell thickness in microns, and the second number (0) denotes the liquid layer thickness between the cell and the substrate. Two types of substrates have been considered; these are plastic (Fig. 3, a and b) and silicon rubber (Fig. 3  c) . Fig. 3 a shows R 2 in the absence of any attenuation in the cell or in the liquid; however, Fig. 3, b and c, considers a constant attenuation in the material within the frequency range of interest. The reflected wave intensities from three FSFS structures are shown by the remaining three lines, 5/0.1, 1/0.1, and 1/0.01, in Fig. 3 . These three lines correspond to a 5-m-thick cell over a 0.1-m-thick fluid layer (5/0.1), a 1-m-thick cell over a 0.1-m-thick fluid layer (1/0.1), and a 1-m-thick cell over a 0.01-m-thick fluid layer (1/0.01). It is important to realize that as soon as a thin fluid layer is introduced beneath the cell, the reflected wave intensity changes significantly. It increases by almost 100% for the plastic substrate and decreases for the silicon rubber substrate. The material properties for these computations are given in Table 1. As mentioned above, the results presented in Fig. 3 a have been calculated by ignoring all attenuations. One can see from Fig. 3, a and b , that the attenuation decreases the reflected wave intensity. The amount of decrease should be greater for the thicker cell. Fig. 3 b shows the reflected wave intensities for the five cases of Fig. 3 a; the only difference is that in Fig. 3 b the attenuation is considered and in Fig. 3 a it is ignored. Note that for both plastic and silicon rubber substrates for some frequencies, the reflected wave intensity from a 1-m-thick cell adhering to a solid substrate becomes larger than the reflected wave intensity from the substrate if a thin fluid layer is present beneath the cell. However, the reflected signal intensity from the 5-m-thick cell is lower than that from the plastic substrate in the absence or presence of the fluid layer; however, it can be larger than the intensity of the reflected signal from the substrate for the silicon rubber substrate. Hence, in a grayscale image the thin cell region may appear brighter than the substrate, thus indicating the presence of a thin fluid layer beneath the cell. The thick cell region, however, might appear darker than a surrounding cell-free area, although it may be separated from the substratum by a thin layer of fluid. Fig. 4 shows three possible ray paths in a FSS structure. These three ray paths are numbered 1, 2, and 3. Ray 1 is reflected from the top of the cell, ray 2 is reflected from the coupling fluid/substrate interface, and ray 3 is reflected from the bottom of the cell, at the cell/substrate interface. The phase change (measured in radians) of ray 2 during its travel between the acoustic microscope lens and the substrate is given by
Estimating cell thickness and wave speed from amplitude and phase values
The phase change of ray 1, which is reflected from the top of the cell, is
and the phase change of ray 3, reflected from the substrate after going through a cell of thickness h, is given by
where k f is the wave number of the coupling fluid and k c is the wave number of the cell. Note that for a cell on a silicon, plastic, or glass substrate, ray type 3 is much stronger than ray type 1, because the impedance difference between water (or culture medium) and the cell is much smaller than the impedance difference between the cell and the substrate. If the phase is measured relative to the phase of the substrate (in other words, if the phase change of ray 2 is made equal to zero), then the phase changes corresponding to rays 1 and 3 ( 1 and 3 ) become
In the above expressions 1 and 3 are in radians. If ⌽ 1 and ⌽ 3 are corresponding values in degrees, then 3 ϭ ⌽ 3 180
In the phase plot the variation corresponding to 0 -360°is plotted in the gray scale from 0 to 256. Hence, if ⌽ 3 degree corresponds to an n gray scale value, then
Hence, from the above two equations one can write (for a cell on substrate)
Clearly, if ␣ c is very close to ␣ f , then the denominator becomes very small and the cell thickness prediction becomes large.
In the amplitude image (the ultrasonic image generated by plotting the variation of the intensity of the reflected beam) the first dark interference ring, the one closest to the cell periphery, corresponds to a cell thickness of c /4 ϭ ␣ c /4f, where c is the wavelength inside the cell, and ␣ c and f are same as in Eq. 19. The second dark interference ring corresponds to a cell thickens of 3 c /4 ϭ 3␣ c /4f, and the mth ring corresponds to a cell thickens of (2m Ϫ 1)␣ c /4f. One can calculate the cell thickness from the mth interference ring and from the phase value at the same point and write
From the above equation the following relation can be derived:
From Eq. 21 one can easily obtain the longitudinal wave speed in the cell at the mth interference ring position. Note that in this manner the wave speed is obtained directly from the phase values without the use of any sophisticated inversion algorithm such as the simplex algorithm. However, this is only a rough estimate, because it assumes that the compressional wave speed does not vary from one point to the next. These rough estimates are used to define probable upper and lower bounds of the longitudinal wave speed in the cell.
EXPERIMENTAL RESULTS
Acoustic microscope-generated amplitude and phase images of a cell on silicon rubber and on a plastic substrate are shown in Figs. 5 and 6, respectively. These cells are XTH-2 cells, originating from Xenopus tadpole heart endothelium.
Variations of the phase and amplitude values along any scan line in the image can be quantitatively recorded as shown in Fig. 5 . Both phase and amplitude variations are plotted using a 256-level gray scale. In the phase image, a 256 gray scale variation corresponds to a phase difference of 360°. Several interference fringes can be seen in the amplitude image. However, in the phase image there is only one distinct jump of 256 gray scales, where the image changes from dark to bright. One should note in the amplitude image of Fig. 5 that the reflected energy from the thin cell region is higher than that from the substrate. Similar results are obtained by model calculations by considering a thin liquid layer between the cell and the silicon rubber substrate (Fig. 3 c) . Hence, to obtain the cell properties from these experimental data, one must consider the FSFS model. For the FSS model the cell region does not appear brighter than the substrate (see Fig. 3 ).
Before the amplitude and phase curves are inverted along a scan line, using the simplex algorithm (Kundu, 1991; Kundu et al., 1991) to obtain the cell properties, a rough estimate of the longitudinal wave speed in the cell is made using Eq. 21. This value is used to define probable upper and lower bounds of the wave speed in the cell. From the phase values, the cell thickness can be calculated in terms of the longitudinal wave speed (␣) of the cell from Eq. 19. Bounds on the cell thickness are estimated in this manner; thus the need to estimate the cell thickness bounds by counting the interference rings is avoided. Several other improvements of the simplex inversion algorithm are incorporated into the present analysis. In the method published previously (Kundu et al., , 1992 final results were obtained from one set of starting (or initial) values or, in other words, from only one simplex geometry. Sometimes this may cause convergence to a wrong set of values of the cell properties or parameters, when the estimates of probable and absolute bounds are not reasonably good.
Absolute bounds are the bounds of the parameters that must never be violated. Probable bounds lie within the absolute bounds. These bounds are thus narrower than the absolute bounds. When the probable bounds are selected, it is expected that the parameter values lie within these bounds. However, this requirement is not mandatory; simplex geometries or initial estimates of the cell parameters are obtained from the probable bounds. In the present analysis iterations are carried out with four different initial simplex geometries or four sets of initial guesses. Iterations are carried out to minimize the least-squares error between experimental V(f) data and theoretical V(f) values at every pixel point. After four sets of iterations, the converged values that produce minimum error are considered to be the final predictions of the cell properties. For most pixel points all four simplexes converge to the same predicted values. However, in some cases one or two simplexes converge to a different set of values. Comparing the errors from the four FIGURE 5 Acoustic microscope-generated amplitude (top) and phase (bottom) images of a cell on a silicon rubber substrate. Note that the brightness of some interferences exceeds that of the background. sets of converged values, the computer program picks the set that produces the minimum error as the final predicted values of the cell parameters. The cell properties that are calculated in this manner are longitudinal wave speed (␣), attenuation (a), and cell thickness (h). In addition to these three unknowns, the liquid layer thickness (t) between the cell and the substrate is also considered as the fourth unknown quantity. The cell density is assumed to be 1.06 g/cm 3 . Other cell properties are computed by the simplex inversion algorithm giving the absolute bounds in Table 2 .
Using these bounds, we calculate the cell properties (shown in Fig. 7) . Fig. 7 A shows the amplitude image of the cell; the straight line in this image is the scan line along which the cell properties are computed. The predicted cell profile, wave speed, and attenuation variation in the cell along the scan line are shown in Fig. 7 , B and C. It is interesting to see that the wave speed increases from the cell periphery toward the cell center, and it drops slightly at the nucleus region. On the other hand, the attenuation is high near the cell periphery and low in the central portion. Variations in the thickness of the very thin liquid layer between the cell and the substrate are also shown by the thin dotted line near the horizontal axis of Fig. 7 B.
An amplitude image of a second XTH-2 cell on a silicon substrate is shown in Fig. 8 A. The straight scan line and the nonlinear voltage variation along the scan line or the V(x) curve are also plotted on the image. The difference in the voltage values over the substrate region on the left and right sides of the cell is due to the slight inclination of the substrate plate. It is also evident in the acoustic image. The left side of the substrate image appears brighter than the right side. V(x) curves for different frequencies (0.98, 0.99, 1.0, 1.05, and 1.1 GHz) are shown in Fig. 8 B. The substrate inclination error has been corrected in these curves.
The V(f) curve at any pixel position can be generated from the V(x) values at different frequencies for that pixel position. Experimental V(f) values over the substrate and the cell (pixel position 195) are shown in Fig. 8 C by circles and triangles, respectively. Theoretical V(f) curves (obtained from the predicted cell properties) over the same two regions are shown by dotted and continuous lines, respectively, in Fig. 8 C. The least-squares error is computed from the mismatch between the theoretical and experimental values. By minimizing this error we predicted the cell dimensions and cell properties.
Predicted cell profile, P-wave speed, and attenuation variations along the scan line of this cell are shown in Fig. 9 .
CONCLUDING REMARKS
It is shown in this paper that the cell properties and the cell thickness profiles can be obtained from the V(f) curve (voltage versus frequency curve) generated by an acoustic microscope. Longitudinal wave speed and attenuation variation in a cell, predicted in this manner, are justified in a qualitative manner. This technique has the potential of replacing the V(z) (voltage versus defocus distance) technique because experimentally it is easier and quicker to generate V(f) curves than it is to generate V(z) curves.
